We used the data from the Spitzer Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE) to investigate the mid-infrared (MIR) properties of planetary nebulae (PNs) and PN candidates. In previous studies of GLIMPSE I & II data, we have shown that these MIR data are very useful in distinguishing PNs from other emission-line objects. In the present paper, we focus on the PNs in the field of the GLIMPSE 3D survey, which has a more extensive latitude coverage. We found a total of 90 Macquarie-AAO-Strasbourg (MASH) and MASH II PNs and 101 known PNs to have visible MIR counterparts in the GLIMPSE 3D survey area. The images and photometry of these PNs are presented. Combining the derived IRAC photometry at 3.6, 4.5, 5.8, 8.0 µm with the existing photometric measurements from other infrared catalogs, we are able to construct spectral energy distributions (SEDs) of these PNs. Among the most notable objects in this survey is the PN M1-41, whose GLIMPSE 3D image reveals a large bipolar structure of more than 3 arcmin in extent.
INTRODUCTION
Planetary nebulae (PNs) are important tools for the study of stellar nucleosynthesis and galactic chemical evolution. However, due to interstellar extinction, current optical census of Galactic PNs is highly incomplete, and some compact H II regions might have been mis-classified as PNs. The problem is particularly severe in the Galactic plane where the interstellar extinction is significant, and consequently the detections of PNs at optical bands are severely hampered. Unlike optical observations, infrared (IR) observations are only marginally affected by interstellar extinction and observations of PNs in the IR is highly desirable.
PNs are bright in the IR due to their circumstellar dust component. The early prediction that the remnant of the circumstellar dust envelope from the asymptotic giant branch (AGB) progenitors should still be observable in the PN phase (Kwok 1982) has been confirmed by the Infrared Astronomical Satellite (IRAS) all-sky survey (Pottasch et al. 1984; Zhang & Kwok 1991) . The peak of the infrared emission lies between 20-30 µm, corresponding to a color temperature of ∼100-150 K. Quite often a significant fraction of the energy output of PNs is emitted in the IR and mid-IR brightness has become a defining characteristics of PNs.
Although the structure of the ionized component of PNs is well determined by optical observations, early IR observations have too low spatial resolution to resolve the structures of the dust component of PNs. The recent Spitzer Space Telescope and the Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE; Benjamin et al. 2003 , Churchwell et al. 2009 ) mapped the inner Galaxy at mid-infrared (MIR) 3.6 , 4.5, 5.8, and 8.0 µm using the Infrared Array Camera (IRAC; Fazio et al. 2004) . With high resolution and sensitivity, the GLIMPSE data provide new insights into the nature of the nebular components contributing to the infrared emission of PNs. The GLIMPSE I & II images cover a total area of about 274 deg 2 of the Galactic plane and these data have been used for the studies of PNs (e.g. Cohen et al. 2007b Cohen et al. , 2011 Phillips & Ramos-Larios 2008a ,b, 2009 Ramos-Larios & Phillips 2008) . Our research group has carried out systematic searches of PNs in the fields of GLIMPSE I & II (Kwok et al. 2008; Zhang & Kwok 2009 ). Our previous results show that the IR appearances of PNs might differ from their optical counterparts, and these IR images can help to distinguish between PNe and H II regions.
In the present work we present a study of PNs in the area of the GLIMPSE 3D survey. The GLIMPSE 3D program extends the GLIMPSE I & II coverage to higher latitude, where the IR background is not so bright as in the low-latitude regions. Although Quino-Mendoza et al. (2011) have investigated the IR properties of 24 PNs in the GLIMPSE 3D survey area, our sample is much larger (with a total of 191 PNs). This paper should be considered as a complement of our previous work (Kwok et al. 2008; Zhang & Kwok 2009 ).
OBSERVATIONS AND DATA REDUCTION
This study is primarily based on IRAC images, centered at approximately 3.6, 4.5, 5.8 and 8.0 µm, from the GLIMPSE 3D dataset (Meade et al. 2007 ). All the four bands were simultaneously observed with a pixel resolution of ∼ 1.2 ′′ . The GLIMPSE 3D survey extends the GLIMPSE I & II latitude coverage to |b| < 3
• at nine selected strips above and below the Galactic plane (centered at l = 10, 18.5, 25, 30, 330, 335, 341.5, 345, and 350 • ), and to |b| < 4.2
• in the center of the Galaxy (|l| < 2 • ). The total area is about 120 deg 2 . Figure 1 shows the area coverage of the GLIMPSE 3D survey.
The GLIMPSE 3D data products are very similar to those of GLIMPSE I & II. The basic data calibration was performed by the Spitzer Science Center (SSC). The basic calibrated data were further processed using the GLIMPSE pipeline to correct for further instrumental artifacts, cross-identify and determine the flux densities and positions of point sources, and mosaic the images. Further details of the GLIMPSE archive and data processing can be found in Benjamin et al. (2003) . The GLIMPSE 3D data products include a highly reliable Point Source Catalog (GLM3DC), a more complete Point Source Archive (GLM3DA), and mosaic images covering the survey areas.
The sample of PNs was taken in part from the MASH (Macquarie/AAO/Strasbourg Hα Planetary Galactic Catalogue) and MASH II catalogues (Parker et al. 2006; Miszalski et al. 2008) , which contain over 1000 new faint PNs and PN candidates (hereafter, simply referred to as MASH PNs) discovered in the AAO/UKST Hα survey of the southern Galactic plane. The sample contains some of the most obscured PNs in the Galaxy. The survey area of GLIMPSE 3D survey is completely covered by the AAO/UKST Hα survey. Furthermore, we also searched for all the previously known PNs catalogued by Kohoutek (2001) within the GLIMPSE 3D survey area. These PNs are designated as "previously known PNs" in the following discussion.
We visually examined the IRAC images of all these PNs lying within the GLIMPSE 3D area. If a PN is visible in at least one of the bands, we measured its integrated fluxes using the same method as in our previous papers (Kwok et al. 2008; Zhang & Kwok 2009) . Two apertures were employed to measure the on-source and background fluxes (F on and F of f ). In all the four IRAC bands, the apertures were put in the identical positions. We then obtained the sum of all the fluxes of sources in the point-source archive within each aperture (F on,p and F of f,p ). Finally, the PN fluxes were determined from (F on − F on,p ) − (F of f − F of f,p ). For each PN, we measured the fluxes using several apertures with different sizes, and the adopted values are the average of all the measurements. From these repeated measurements, we estimate the typical error of the photometry to be 5%, and up to 30% for the sources with low surface brightness. Because the radii of these PNs are typically larger than 8 ′′ , we made extended source aperture correction using the correction factors suggested by Jarrett 1 .
We also used the 24 µm data taken by the Multiband Imaging Photometer for Spitzer (MIPS; Rieke et al. 2004) . The data were retrieved from the Spitzer Legacy program MIPS Inner Galactic Plane Survey (MIPSGAL). The MIPSGAL survey only has a small overlap in Galactic coverage with the GLIMPSE 3D survey. We determined the 24 µm fluxes of PNs using the same method as described above. To better explore nebular IR emission, we also made use of data from other IR archives, including the Two Micron All Sky Survey (2MASS), Deep Near Infrared Survey of the Southern Sky (DENIS), Midcourse Space Experiment (MSX), the IRAS Point Source Catalogue (PSC), and specially the recently released AKARI Point Source Catalogues. In the AKARI All-Sky Survey (Murakami et al. 2007 ), the midand far-infrared images were obtained using the Infrared Camera (IRC) and Far-Infrared Surveyor (FIS) with spatial resolutions from 4 ′′ -61 ′′ . This study is also complemented by the 1.4 GHz radio fluxes taken from the NRAO VLA Sky Survey (NVSS; Condon et al. 1998 ).
RESULTS
We find that there are 228 MASH PNs in the GLIMPSE 3D area, among which 90 have clearly visible IRAC counterparts. The IRAC color composite images of these 90 PNs are shown in Figure 2 , where we can easily see that the colors of these PNs are redder than those of the field stars. The notes on individual MASH PNs are given in Appendix A. The majority of the GLIMPSE 3D PNs have a size of < 30 arcsec. An inspection of Figure 2 clearly shows that the surface brightness of PNs is lower for larger PNs. For the MASH PNs that are very extended in the visible, their IR counterparts are difficult to find as the IR surface brightness are likely to fall below the IRAC detection limit. Figure 1 shows that the spatial density of GLIMPSE 3D PNs is larger near the Galactic center. The detection rate (R IR ; the number of PNs having visible IR counterparts over the total number) of the GLIMPSE 3D PNs is 42%, larger than that of GLIMPSE I PNs which are located in the inner Galactic plane (Kwok et al. 2008 ). There are two main factors affecting the detection rate. Because the spatial distribution of the galactic dust is more diffuse than the ionized gas (which is more concentrated around hot stars), the effect of background emission on the detection of PNs at IR wavelengths is larger than that at optical. As a result, the bright IR background emission in the inner Galactic plane tends to decrease the R IR value for the PNs close to the Galactic plane. On the other hand, unlike the Hα emission, the IR emission of PNs are hardly obscured by the interstellar dust. This tends to increase the R IR value for the PNs near the Galactic plane where the interstellar extinction is larger than the outer regions. Indeed, as shown in Figure 1 , the R IR value in the regions of |b| > 3
• is obviously smaller than that in the inner regions.
Among 107 previously known PNs, 101 have obvious IRAC counterparts. The high detection rate of previously known PNs is because they are in general brighter than the MASH PNs. We have carefully examined the GLIMPSE images of these 101 PNs, some show similar appearances as the optical images, and some only reveal the brighter central regions of the objects. Since they are often bright, some are saturated at the 8.0 µm band. The IRAC color composite images of 80 previously known PNs are presented in Figure 3 , where we have excluded the saturated sources and those with non-detection in some bands. Quino-Mendoza et al. (2011) and Ramos-Larios (2008a) presented the IRAC images of several known PNs, which are also excluded from Figure 3 . We have also attempted to search for fainter outer structures but this effort is often hindered by strong infrared background. A previously known PN (M 1-41) is discussed in detail in Section 3.3.
SPECTRAL ENERGY DISTRIBUTIONS
The Spitzer IR fluxes of the GLIMPSE 3D PNs (including MASH and previously known PNs) are given in Table 1 . About 37% of the GLIMPSE 3D PNs lie within the MIPS-GAL/24 µm survey area. We find that the PNs are generally bright in the 24 µm band. We also search for the counterparts of these PNs in the AKARI All-Sky Survey. Table 2 gives the IRC and FIS fluxes of the GLIMPSE 3D PNs. Table 3 tabulates the magnitudes and fluxes from the DENIS, 2MASS, MSX, IRAS, and NVSS point source catalogues. In far-IR wavelengths, the spatial resolutions are low (> 30 ′′ ), and the field stars cannot be resolved from the PNs. However, these PNs are much brighter than the surrounding stars at longer wavelengths. We infer that the contamination from the field stars to the far-IR fluxes should be negligible.
The SEDs of the GLIMPSE 3D PNs are constructed using the IR data from various databases (Figure 4 ). Since the IR data cover a wide wavelength range, we are able to derive the color temperatures of the dust component (e.g. see the case for NGC 6302). For most of the PNs, there is a rise in flux toward short wavelengths. This is due to the contributions from the photospheric and nebular bound-free emission (see Zhang & Kwok 1991 for a detailed discussion of SEDs of PNs) and in some cases from a warm dust component. For a few previously known PNs, the ISO and Spitzer/IRS spectra are available and these are plotted in Figure 4 . In general, the spectra are in good agreement with the IR photometry data. The SEDs at long wavelengths (> 10 µm) can be reasonably approximated by blackbodies of temperatures ∼ 100 K, although the fluxes are likely to be contaminated by the emission from aromatic infrared bands (AIB) and emission lines.
Some PNs (e.g. H 1-17, H 1-32, H 1-40, M 2-23, and M 3-8) display prominent emission features from amorphous silicate grains at 10 and 18 µm. All of them are non-Type I PNs and show an O-rich or mixed chemistry. The shapes and relative strengths of the two silicate features reflect the properties of the grains (e.g. Simpson 1991; O'Donnell 1994) . For our sample, we find the strength ratios of the 18 and 10 µm (R 18/10 ) lie within the range of 3-8. The variation of the R 18/10 value may be due to different volume fractions of graphite or porosity of the grains in different sources (Vaidya & Gupta 2011) . The derived R 18/10 values are about one order of magnitude higher than those suggested by models of Vaidya & Gupta (2011) . However, we should mention that the uncertainties of subtracting the continuum may introduce large errors in measuring the strengths of the broad 18 µm feature. In Figure 5 , we compare the scaled emissivities, κ λ = F λ /B λ (T ), where B λ (T ) is the blackbody function with a temperature of T . Although we do not find obvious difference in the feature profiles between different sources, the peak position of the 10 µm feature shifts from source to source, probably indicating to the variety of chemical composition of the grains (e.g. Min et al. 2007 ). The peak wavelength of the 10 µm feature ranges from 9.5 to 10.3 µm, and is shortest in H 1-40. We also find that H 1-40 has a mixed chemical composition and display strongest AIBs among the five PNs, supporting the conclusion of Vaidya & Gupta (2011) that the 10 µm feature shifts shortwards with graphite inclusions.
It is clear from the SEDs that in many PNs there are more than one dust component. While the cool dust components (dominant at wavelengths >10 µm) are well defined, there are excesses between 5 and 10 µm which is most likely to be due to a warm dust component (see examples of H 1-16, H 1-18, H 1-19, H 1-34 in Fig. 4 ). High spatial resolution observations are needed to identify the origin of this warm dust component.
Infrared COLORS
In Figure 6 , we compare the distributions of GLIMPSE PNs in the [3.6] − [4.5] versus [5.8] − [8.0] color-color diagram. We do not find obvious differences between the colors of GLIMPSE 3D and GLIMPSE I/II PNs. Since a variety of emission mechanisms contribute toward the fluxes of the IRAC bands, we do not expect the color distribution to obey the blackbody law. These contributing factors include the cool dust component (probably the most dominant), the warm dust component, nebular gas emission, AIB emissions, and even photospheric emissions. Generally speaking, the sample PNs have colors to the right and below the blackbody line. For objects with IRAC fluxes dominated by cool dust emission, this trend can be explained by emissivity dependence on wavelength, which makes the longer wavelength bands fainter. Based on a study of 24 PNs, Quino-Mendoza et al. (2011) found that the previously known PNs tend to have a larger [5.8] − [8.0] color, and suggested that this is an evolutionary consequence. However, our large sample study does not suggest such a trend (see Figure 6 ). For the PNs both in the samples of Quino-Mendoza et al. (2011) and this paper, we derive an average [5.8] − [8.0] color of 1.95, in agreement with the value of GLIMPSE I PNs obtained by Cohen et al. (2011) , but lower than that by Quino-Mendoza et al. (2011) (∼ 2.38 ). This might be in part due to different aperture correction factors used for extended source calibration. On the other hand, for the sources with large sizes, we only measure the bright central regions, probably resulting in different colors with those derived by Quino-Mendoza et al. (2011) .
In Figure 7 , we plot the Figure 8 we can also find that the IR emissions of GLIMPSE 3D PNs are generally fainter than those of GLIMPSE I/II PNs. This is an indication that in the GLIMPSE I and II survey areas the detection of the PNs with intrinsically fainter IR emission is severely hampered by the bright background emission in the inner galactic plane. Based on GLIMPSE I data, Cohen et al. (2011) Cohen et al. (2011) . However, giving such a large standard deviation, it is not possible to gain any further meaningful conclusion.
M 1-41
M 1-41 is one of the most interesting PNs within the GLIMPSE 3D survey area. Its central star has a energy-balance temperature of 142 400 K (Preite-Martínez et al. 1991) , and is at a distance of about 1 kpc (Zhang 1995) . Based on the radio morphology and infrared color, Zijlstra et al. (1990) suggested that this source is a mis-classified PN and is likely to be a H II region. However, a different conclusion was drawn by Bohigas (2001) , who detected extended shock excited H 2 emission, and suggested that M 1-41 is a type I PN. Figure 9 gives the IRAC image of M 1-41, which clearly reveals that this source is composed of a relatively bright central region and a pair of very extended faint lobes, suggesting that it is likely a nearby PN. The waist of the lobes is bright and visible in all the four bands. It is oriented at PA= 122
• and has a size of ∼ 0.5 ′ . The lobes are visible only at 8 µm. Note that the photometry data given in Table 1 -3 are only based on the central part of this PN. The northern lobe is incomplete because of the contamination from bright infrared background emission. The southern lobe has an extension of about 3.7
′ from the center. The long axis of the lobes is oriented at PA= 9
• and is not perpendicular to the waist. It is clear that if the instrumental sensitivity is not sufficient to detect the extended lobes, the irregular central nebulosity would appear to be a H II regions, not a PN. This is a good example showing that poor dynamic range imaging can lead to mis-classification of the morphology of PNs. Figure 4 shows that M 1-41 has a typical SED of PNs. The excess in the near infrared suggests that there is a warm dust component in addition to the main cool dust component peaking at 30 µm.
The appearance of M 1-41 suggests that the mass of the central part is much larger than that of lobes. The bipolar lobes only manifest themselves through their thin walls, outlining very low density cavities. The walls of the lobes can be the result of sweeping up of previously-ejected circumstellar materials by a later developed, fast, collimated wind. An alternative interpretation is that the bipolar cavities are created by radiation pressure blown out of the polar regions of an optically thick equatorial torus. In this scenario, the bipolar structure is not caused by the dynamical ejection, but by illumination. A similar scenario has been suggested to explain the formation of multipolar lobes of PNs (Kwok 2010; García-Segura 2010).
Except for M 1-41, we do not find PNs that obviously exhibit extremely extended structures. Most of the PNs can be clearly distinguished from the large-scale backgound emission. An exception is the bright IRAS source, PN 1824−1410. This object was first identified as a PN by Van de Steene et al. (1996) based on optical observations. Figure 10 shows its IRAC image. The central part is a red and compact nebula, which is partially obscured by a foreground bright star. Its color and morphology are typical of the GLIMPSE 3D sample PNs. The IRAC image also reveals a more extended irregular emission region surrounding this source (about 1 arcmin in radius), at the west of which some filaments can be seen and are aligned approximately north-south. These IR structures are much more obvious compared to those shown by the Hα image of Van de Steene et al. (1996) . Further investigation is needed to determine whether the extended irregular nebulosity is associated with this PN.
DISCUSSION
In order to investigate the contributions of AIBs to the IRAC bands we examine the relation between the 5.8µm/4.5µm and 8.0µm/4.5µm flux ratios for the GLIMPSE 3D PNs ( Figure 11 ). It is clear that a positive correlation exists, and the distribution of the objects does not follow the blackbody curve. The AIBs at 6.2 and 7.7 µm can contribute to the 5.8 and 8.0 µm bands, respectively. As the 4.5 µm band has no contribution from AIBs, the positive correlation might reflect the correlation between the 6.2 and 7.7 µm AIB strengths. Figure 11 also suggests that the contributions from AIB emission to the 8.0 µm band is stronger than that to the 5.8 µm band. Another factor that contributes to the observed deviation to the blackbody curve is the contamination from the emission of ionized gas and/or central star to the 4.5 µm band. This point can be verified in Figure 2 where we do find that the 4.5 µm images are generally more centrally enhanced than the 5.8 and 8.0 µm ones. The effect can cause the data to shift towards higher temperature regions in this plot, and is more pronounced for the blackbody temperatures estimated by the 5.8µm/4.5µm flux ratio.
In order to examine the reliability of our flux measurements and the flux calibration of extended sources, we compare the IRAC 8.0 µm vs. MSX 8.3 µm and the MIPS 24 µm vs. MSX 21 µm integrated fluxes of The GLIMPSE 3D PNs in Figure 12 . For these compact extended sources, the IRAC 8.0 µm and MIPS 24 µm fluxes are in good agreement with those of MSX 8.3 µm and 21 µm, respectively. We obtain average IRAC8.0 µm/MSX8.3 µm and MIPS24 µm/MSX21 µm flux ratios of 0.74 ± 0.28 and 0.99 ± 0.24, respectively. This is consistent with our previous results based on the GLIMPSE II PNs (Zhang & Kwok 2009) , and suggests that our flux measurements are reliable. The average IRAC8.0 µm/MSX8.3 µm ratio also agrees with that of PNs obtained by Cohen et al. (2007b) , but lower than that of H II regions deduced by Cohen et al. (2007a) (1.55 ± 0.15), suggesting that lower aperture correction factor should be applied to obtain the IRAC fluxes of more extended source. Figure 12 also indicates that for faint PNs the MSX 8.3 µm and 21 µm fluxes tend to be underestimated. This might be due to the lower instrumental sensitivity of MSX.
As PNs expand and disperse into the interstellar medium, both the radio and infrared fluxes are expected to decline with age. It is therefore useful to see if a correlation exists between these two fluxes. Cohen et al. (2007b) claimed that previously known PNs and more evolved MASH PNs have different IR/radio flux ratio. Their conclusion, however, is not supported by subsequent studies (Cohen et al. 2011; Phillips & Márquez-Lugo 2011) . In Figure 13 we compare the IR fluxes at 8.0 µm and 24 µm and the radio flux at 1.4 GHz from NVSS (Condon et al. 1998) . There is no systematically difference between the IR/radio fluxes of MASH PNs and those of previously known PNs although MASH PNs are generally fainter. Figure 13 
CONCLUSIONS
From the GLIMPSE 3D survey data, we have identified the IR counterparts of 191 galactic PNs. The images of 90 MASH PNs and 80 previous known PNs are presented and the SEDs of 83 PNs are constructed. The SEDs show clearly the importance of the dust component in PNs, as in many objects most of the energy is emitted in the dust component. The set of PN SEDs presented in this paper has helped us define the observational properties of PNs, allowing us to distinguish PN from other emission line objects.
Very extended bipolar lobes are discovered in the PN M1-41, suggesting that IR imaging is useful in finding outer structures of PNs which may be missed in optical observations.
One of the conclusions we have from this study is that the infrared images of the PNs are somewhat different from those in the visible. The obvious explanation is that the dust is distributed differently from the ionized gas region. For example, bipolar nebulae would be visibly bright in the lobes but infrared bright in the equatorial regions. Interstellar extinction may also have affected the optical appearance of the objects.
The GLIMPSE IR data are useful to search for new PNs. The IRAC observations have resulted in the discovery of a new extremely redden PN G313.3+00.3 which is optically invisible (Cohen et al. 2005) . This suggests that there may be many PNs hidden in the Galactic plane and the current census of Galactic PNs is far from being complete. The number of detected Galactic PNs is about one order of magnitude lower than the theoretically predicted value. We are starting a project to search for new (optically invisible) PNs in the GLIMPSE field. Our results will be reported elsewhere. The IR colors and SEDs of PNs presented in this paper will provide a useful diagnostics for the identification of new PNs.
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A. INDIVIDUAL MASH PNs
PNG 000.4 + 04.4 .-This object, previously known as PN K 5-1, is a compact and low-excitation PN. It was first assigned as a possible PN by Preite-Martínez (1988) from the IRAS point Source Catalogue. The IRAC image shows that its IR emission is more extended and diffuse than its Hα counterpart (note that the optical images hereafter are based on the MASH catalogue). This might suggest that there exists extended dust and the nebula is ionized bounded. The SED indicates a color temperature of T < 100 K. PNG 001.0 + 02.2 .-Its PN assignation can be confirmed by the IRAC color. The IR appearance is clearly more extended than its optical counterpart. The SED indicates a color temperature of T < 150 K. PNG 001.1 + 02.2 .-The IRAC image shows that it has a compact and bright core.
We cannot find any difference between its IR and optical appearances. Its SED seems trace a component with a color temperature of about 600 K. PNG 001.2 + 02.8 .-The low IR fluxes and compact appearance suggest that it is distant. PNG 001.5 + 03.1 .-The IRAC image shows that it is diffuse and has an oval shape. The SED suggests that it is surrounded by dust with a temperature of about 100 K.
PNG 001.5 − 02.8 .-The IRAC image clearly shows that it consists of a bright core and an oval nebula. The nebula has a well-defined boundary and seems to be fainter along its major axis direction.
PNG 001.7 + 03.6 .-The Hα image shows that it is bright and compact. However, its IR counterpart is almost overwhelmed by the bright background emission. a The 'I' and 'II' after the PN designations represent the MASH I and MASH II, respectively. The 't', 'l', and 'p' represent true, likely, and possible PNs, respectively, as assigned in the MASH I&II catalogue.
b The colon represents uncertain detection. For saturating sources, the lower limits of fluxes are given. 
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